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Various f ac to r s  determining stress induced changes i n  the  break- 
down vol tage of G e  and S i  p-n junctions are discussed. A model i s  
developed which accounts f o r  t h e  mult ival ley band s t r u c t u r e  of s e m i -  
conductors such as Ge and S i .  Analytic expressions a r e  developed 
f o r  the  change i n  breakdown voltage, AV/V 
stress. For S i ,  a l i n e a r  decrease i n  AV/V with increasing stress i s  
predicted.  The propor t iona l i ty  factor  i s  of t h e  same order  of magni- 
as a funct ion of  a general  B' 
B 
tude as t h e  band gap dependence on hydros ta t ic  pressure.  For G e ,  an  
i n i t i a l  increase i n  AV/V 
is indicated.  The model is shown t o  be cons is ten t  wi th  r e D 0 r t - d  n---+; 
followed by a decrease a t  high stress levels B 
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I. INTRODUCTION 
Several  i nves t iga t ions  have shown t h a t  mechanical stress can 
induce r eve r s ib l e  changes i n  the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of p-n 
j unctions.  AU LLASse ixweetlgations, l a r g e  an i so t rop ic  stresses 
have been introduced i n t o  t h e  junctions of diodes and t r a n s i s t o r s  
r e s u l t i n g  i n  l a r g e  changes in  sa tu ra t ion  c u r r e n t s  of diodes and i n  
current-gain f o r  t r a n s i s t o r s .  
t o  stress induced changes i n  t h e  energy band s t r u c t u r e  of t h e  ma te r i a l  
and i n  p a r t i c u l a r  t o  changes i n  the band gap.6 
inves t iga t ions  have shown t h a t  t h e  reverse breakdown vol tage  i n  S i  and 
G e  diodes is a l s o  stress sens i t i ve .  7 s 8  
i s  found t o  be l i n e a r l y  r e l a t e d  t o  un iax ia l  compression stress, 
while i n  G e ,  t h e  breakdown vol tage  is found t o  be a more complex 
func t ion  of t h e  stress. The stress c o e f f i c i e n t  i n  S i  i s  approximately 
equal t o  t h e  coe f f i c i en t  found f o r  band gap lowering under hydros t a t i c  
pressure.  I n  Ge, t h e  breakdown voltage is  found t o  increase  and then 
t o  decrease as stress increases. 
1-5 T- *I., 
These changes have been a t t r i b u t e d  
Recent experimental 
The breakdown vol tage  i n  S i  
The purpose here  is t o  discuss t h e  e f f e c t s  of mu l t ip l e  energy bands 
on t h e  stress dependeoce of breakdown and t o  eva lua te  t h e  order of 
magnitude of t hese  stress induced changes i n  the  breakdown vol tage  of 
G e  and S i  diodes. 
Shockley ' s  "Simple Model f o r  Secondary I o n i ~ a t i o n " ~  
changes i n  t h e  energy band s t ruc tu re  of semiconductors. 
A t h e o r e t i c a l  discussion is given which is  based on 
and t h e  stress induced 
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11. THEORY 
A. Simple Ionization Model 
The ionization model to be discussed here  f o r  the uns t ressed  
junc t ion  w a s  introduced by Shockley.' 
t h a t  i t  involves four-parameters, th ree  of which are ad jus t ab ie .  It 
inc ludes  n e i t h e r  t h e  energy band s t r u c t u r e  f o r  energ ies  g r e a t e r  than 
1 ev from the  band edges nor t h e  e f f e c t i v e  masses of hot carriers. 
However, t h e  model is  found t o  be  i n  reasonable agreement with 
experiment . 
The model i s  empir ica l  i n  
I n  t h e  unstressed c r y s t a l ,  t he  four  parameters of t h e  model 
are as follows: 
Energy of the  "Raman" v ib ra t ion  mode. 
Mean-free-path between s c a t t e r i n g  by "Raman" modes. 
Threshold energy measured from t h e  band edge above which 
a carrier may produce a hole-electron p a i r .  
Mean-free-path between ioniza t ions  f o r  a carrier with 
energy g r e a t e r  than E . i 
Using these  parameters, an e lec t ron  wi th  energy g r e a t e r  than Ei 
genera tes  on t h e  average Li/% phonons per  ion iza t ion .  
f i e l d  l i m i t ,  which has  been shown to  be v a l i d  f o r  G e  and S i ,  t h e  average 
I n  the  low 
number of s c a t t e r i n g  events,  C ,  per i on iza t ion  is  
L. 
1 c = -  exp (Ei/qLRF) , 
* LR 
where F is t h e  electric f i e l d .  The average energy, Ei, gained from 
t h e  f i e l d  by t h e  carrier per ion iza t ion  is  then 
. 
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or 
* 
= a =p(b/F) , Ei 
where a and b are cons tan ts  of the material. 
The secondary mul t ip l i ca t ion  c o e f f i c i e n t ,  a ( P ) ,  is 
A 
To extend t h e  model t o  a s t ressed  semiconductor, t h e  e f f e c t s  of mul t ip l e  
conduction and valence l e v e l s  on t h e  ion iza t ion  process must be  considered. 
B. S t r a in  Dependent Ioniza t ion  Theory 
Mechanical s t r a i n  has t h e  e f f e c t  of a l t e r i n g  t h e  energy band 
s t r u c t u r e  of semiconductors. The e f f e c t s  of s t r a i n  on t h e  conduction 
and valence band edge poin ts  fo r  G e  and S i  are reviewed i n  Appendix A. 
Under a general  s t r a i n ,  t h e  valence band edge not only s h i f t s  i n  energy, 
bu t  a l s o  s p l i t s  i n t o  two l eve l s .  The conduction band edge po in t s  a l s o  
s h i f t  i n  energy both r e l a t i v e  t o  t h e  valence levels and t o  each o ther .  
The net: r e s u l t s  are d i f f e r e n t  energy gaps depending on which valence 
and conduction band edge poin ts  are used t o  c a l c u l a t e  t h e  gap. 
In t h e  unstressed c r y s t a l ,  i t  is  not  necessary t o  know t h e  exact 
dependance of t h e  ion iza t ion  energy on t h e  energy band s t r u c t u r e  s ince  
th i s  can be determined experimentally. 
E .  is  equal t o  t h e  band gap.’ Most i nves t iga to r s ,  lo 
a b e t t e r  f i t  of theory t o  experimental da t a  using an Ei s l i g h t l y  
Shockley assumes t h a t  f o r  S i ,  
however, f i n d  
1 
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l a r g e r  than t h e  band gap. This is p a r t i c u l a r l y  t r u e  i n  Ge.  To  - 
ob ta in  t h e  numerical r e s u l t s  f o r  the  e f f e c t  of stress on breakdown 
vol tage ,  a model which relates the  i on iza t ion  energy t o  t h e  energ ies  
of t h e  var ious  bands is required.  
later section. For the  present general development more genera l  
assumptions about t h e  ion iza t ion  process are s u f f i c i e n t .  
Such a model i s  discussed i n  a 
Consider e l ec t ron  ion iza t ion  f i r s t .  I n  t h i s  i on iza t ion  process,  
a ho t  e l ec t ron  i n  one of t h e  conduction minima (<111> d i r e c t i o n  minima 
i n  G e  and <loo> d i r e c t i o n  minima i n  S i )  e x c i t e s  an e l e c t r o n  from one 
of t he  valence bands t o  one of t h e  conduction l e v e l s .  The r e s u l t  
being t h e  c rea t ion  of an  electron-hole p a i r .  
energy is t h e  minimum energy at  which t h e  above process can occur. 
This energy is expected t o  depend upon t h e  shape of t h e  energy bands 
i n  which t h e  ion iz ing  e l ec t ron  and t h e  c rea ted  p a i r  are loca ted  as w e l l  
The ion iza t ion  threshold 
as the  band edge poin t  energies of t h e  var ious  bands. 
c r y s t a l ,  a l l  t h e  conduction minima are loca ted  a t  t h e  same energy so 
t h e r e  can be only two d i f f e r e n t  threshold energies--one assoc ia ted  with 
t h e  heavy h o l e  band and one associated with t h e  l i g h t  h o l e  band. 
a stress condition, t h e  conduction l e v e l s  are s p l i t  i n  energy and 
consequently t h e  threshold energies f o r  t h e  var ious  nondegenerate con- 
duction levels should be d i f f e ren t .  
I n  the  unstressed 
With 
Here i t  is  assumed t h a t  the ion iza t ion  threshold energy depends 
upon t h e  conduction level i n  which the  ion iz ing  hot e l ec t ron  is  
localed and t h e  valence l e v e l  i n  which t h e  c rea ted  h o l e  is located.  
This assumes t h a t  t he  c rea ted  e lec t ron  is located e i t h e r  i n  t h e  same 
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energy minimum as the  hot e lec t ron  o r  is  located i n  t h e  equivalent 
energy minimum i n  t h e  opposite d i r ec t ion  i n  k-space. 
reasonable assumption, s i n c e  c r y s t a l  momentum can be more e a s i l y  
censerved in this pro~ess. 
This  is  a 
1 2  
An i on iza t ion  threshold energy E can then be assoc ia ted  with nm 
each of rhe combinations of valence a d  conduction levels,  wl ie re  n 
denotes the  conduction l e v e l  and m denotes t h e  valence l e v e l .  There 
are s i x  such combinations f o r  S i  and e i g h t  f o r  Ge.  
z a t ion  processes may a l s o  have a d i f f e r e n t  mean f r e e  path denoted by 
Each of t h e  ion i -  
Lnm* 
It w i l l  be  assumed here  t h a t  LR and % are not functions of stress, 
and t h a t  L is t h e  same f o r  a l l  t h e  conduction band minima. R 
Using t h e  above d e f i n i t i o n s ,  t h e  number of ion iza t ions  which 
leaves a hole  i n  t h e  valence l e v e l  m and an  e l ec t ron  i n  conduction 
l e v e l  n per s c a t t e r i n g  event, i s  denoted by l /Cm.  From Eq. (1) t h i s  i s  
The t o t a l  number of i on iza t ions  per s c a t t e r i n g  event is obtained by 
summing over t h e  ion iza t ion  processes f o r  a hot  e lec t ron  i n  a given 
conduction minimum and then averaging over t he  conduction levels. I n  
averaging over t he  conduction l eve l s ,  l / C m  must be  mul t ip l ied  by t h e  
f r a c t i o n  of ho t  e l ec t rons  xjn/g r j , ,  i n  each conduction minimum. The 
average number of i on iza t ions  per s c a t t e r i n g  event is  then 
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%n n=l 
where Y is the number of valence levels and B is the number of conduction 
levels. 
The evaluation of the above formal expression requires an assump- 
tion on the distribution of hot electrons among the conduction levels. 
This distribution of hot electrons depends upon the importance of 
intervalley and intravalley scattering. If intervalley scattering is 
negligible, the conduction minima can be considered as independent of 
each other and 
%n = exp(-Ecn/kT) , (7) 
where Ecn is the band edge energy of the conduction level. 
just the equilibrium distribution of electrons among the valleys. On 
the other hand, if intervalley scattering is predominate, the electrons 
are more uniformly distributed among the levels because of the increased 
effective temperature of the hot electrons. 
model for ionization, the hot electrons in a given conduction minima 
are distributed in energy according to the relationship 
This is 
On the basis of Shockley's 
When intervalley scattering dominates, one would also expect this 
distribution to hold for electrons among the conduction levels and 
in this case 
To keep t h e  assumption more general, t he  hot e l ec t rons  are assumed t o  
be d i s t r i b u t e d  among t h e  v a l l e y s  according t o  t h e  r e l a t i o n s h i p  
where Ei equa ls  kT and qLKF f o r  t h e  cases considered above. 
subsequently shown, the  low stress case  and t h e  very high stress case 
As is 
1' are independent of t h e  choice of E 
The t o t a l  number of ion iza t ions  per s c a t t e r i n g  event then becomes 
. K  e exp(-Ecn/E1) L exp(-Enm/q$F) 
-I 1 n=l  m=l nm 
C B 
The secondary mul t ip l i ca t ion  c o e f f i c i e n t  f o r  e l e c t r o n s  is then 
given by 
a(F) = 
The va lue  of 
U 
i n  Eq. (12) may be d i f f e r e n t  f o r  ho le s  c rea ted  Lnm 
i n  t h e  lower valence level as compared t o  ho le s  c rea ted  i n  the  upper 
valence level. 
upon t h e  d i r e c t i o n  of t h e  appl ied  f i e l d .  For example, i f  t h e  applied 
f i e l d  i s  along a conduction valley d i r e c t i o n ,  one expects a smaller 
va lue  of L f o r  an e l e c t r o n  created i n  t h e  energy m i n i m u m  along t h e  
f i e l d  d i r e c t i o n  than f o r  t h e  other energy minimum. 
between these  va lues  depends upon i n t e r v a l l e y  and i n t r a v a l l e y  s c a t t e r i n g  
One would a l s o  expec t  L t o  be s l i g h t l y  dependent 
Nn 
nm 
The d i f f e rence  
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of hot e l ec t rons .  I f  t h e r e  i s  s u f f i c i e n t  s c a t t e r i n g  t o  produce 
e s s e n t i a l l y  a random d i s t r i b u t i o n  of t h e  hot e l ec t rons  both i n  
andamong the  conduction va l l eys ,  L 
a l l  va l l eys .  
d e t a i l e d  eva lua t ion  of this parameter. It i s  a l s o  noted t h a t  L 
a l i n e a r  f a c t o r  influencing a@j ,  while t h e  ion iza t ion  energy E 
exponentially r e l a t e d  t o  a(F). 
more important i n  determining a(F) than small changes i n  Lm. 
w i l l  therefore  be assumed t h a t  L is t h e  s a m e  f o r  a l l  ion iza t ion  pro- 
cesses. 
m u l t i p l i c a t i o n  c o e f f i c i e n t  independent of t h e  d i r e c t i o n  of t he  electric 
f i e l d .  
should be e s s e n t i a l l y  t h e  same f o r  nm 
S u f f i c i e n t  information i s  not  a v a i l a b l e  t o  permit a 
is 
is 
tend t o  b e  
IM 
nm 
Thus s m a l l  changes i n  E nm 
It 
nm 
This assumption makes t h e  stress dependence of t h e  secondary 
For Ge with an electric f i e l d  i n  t h e  [loo] d i r e c t i o n ,  t h e  component 
of e l e c t r i c  f i e l d  along each of the v a l l e y  d i r e c t i o n s  i s  t h e  s a m e ,  and 
t h e  assumption of a constant L 
The assumption should be least va l id  f o r  a f i e l d  i n  t h e  nlla direction#. 
For S i ,  the  assumption should be most  accu ra t e  for a f i e l d  i n  t h e  [ill] 
d i r e c t i o n  and least accura te  f o r  a f i e l d  i n  t h e  [loo] d i r ec t ion .  
f o r  a l l  t h e  va l l eys  should be  v a l i d .  nm 
Assuming t h a t  L i s  constant,  i t  can r e a d i l y  be seen from Eq. (12) nm 
by considering t h e  unstressed case (Enm = Ei) t h a t  
Lm = YLi . 
Equation (12) becomes 
.. 
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This i s  t h e  bas i c  equation used t o  descr ibe  stress dependent vo l t age  
breakdown, when e l e c t r o n  ion iza t ion  is t h e  dominant process. 
Although t h e  concepts f o r  hole ion iza t ion  are similar t o  e l e c t r o n  
ion iza t ion ,  t h e r e  are important d i f fe rences  i n  t h e  d e t a i l s .  If t h e  
d i f f e rence  i n  e f f e c t i v e  mass f o r  t h e  two hole  bands is neglected and 
t h e  ionizazion energy is assumed t o  depend only i ipm t h e  bmd on vhich 
t h e  hot  hole e x i s t s  and upon t h e  conduction minimum t o  which t h e  
e l e c t i o n  i s  excited,  t h e  evaluation of ho le  ion iza t ion  i s  very similar 
t o  t h a t  f o r  e l e c t r o n  ion iza t ion .  The d i f f e rence  is t h a t  t h e  average 
number of i on iza t ions  per  s c a t t e r i n g  event is obtained by summing over 
the  conduction l e v e l s  and averaging over t he  valence levels. 
leads  t o  t h e  expression 
This 
where E is  t h e  energy of t h e  valence levels. vm 
The l a r g e  d i f f e rence  i n  dens i ty  of states or  e f f e c t i v e  mass f o r  
t h e  two valence bands, e spec ia l ly  i n  G e ,  makes the  neglec t  of t hese  
d i f f e rences  i n  t h e  above expression open t o  question. 
however, f a c t o r s  which make the above expression a b e t t e r  approximation 
than it would a t  first appear. F i r s t ,  t he  average energy of t h e  ho le s  
is on t h e  order of ER which is l a rge r  than t h e  thermal energy and, f o r  
l a r g e  energ ies ,  t h e  dens i ty  of states f o r  t he  two bands become more 
equal. 
l a r g e r  than about 0.02 ev.13 For G e  t he  energy is considerably l a rge r .  
A second f a c t o r  f o r  unequal ho le  masses is t h a t  LR is d i f f e r e n t  f o r  t h e  
There are, 
I n  S i  t h e  dens i ty  of states are no t  too  d i f f e r e n t  f o r  energ ies  
-11- 
two bands. 
depend upon t h e  mass as m 
d i f f e rence  i n  t h e  dens i ty  of s t a t e s  of t h e  two bands. 
e f f e c t s  in t h e  two bands can be thought of i n  t h e  f o l l o w i n g  manner. 
The ho le s  i n  t h e  "light" hole band are more r ap id ly  acce lera ted  than 
t h e  "heavy" holes  t o  energies s u f f i c i e n t  t o  produce o p t i c a l  phonons o r  
t o  produce ion iza t ions .  Thus, w h i l e  t h e r e  are fewer ho le s  i n  t h e  l i g h t  
hole band, they undergo s c a t t e r i n g s  and produce ion iza t ions  a t  a faster 
rate which tends  t o  produce some compensation. 
For a s i n g l e  spher ica l  energy band, LR has been shown t o  
-2 14 . This  p a r t i a l l y  compensates f o r  t h e  
The compensating 
H e r e  t h e  purpose is 
t o  d i scuss  t h e  major f ea tu res  of stress e f f e c t s  on breakdown so t h a t  
t h e  simple expression of Eq. (15) is s u f f i c i e n t .  
C. S t r a i n  Dependent Breakdown 
Zven when t h e  ion iza t ion  coef f ic ienr  is known, t h e  ca l cu la t ion  of 
the  breakdown vol tage  of a p-n junction i s  d i f f i c u l t ,  e spec ia l ly  when 
t h e  ion iza t ion  c o e f f i c i e n t s  f o r  holes and e l e c t r o n s  are unequal. 
Including the  e f f e c t  of stress fur ther  complicates t h e  ca lcu la t ion .  
simplifying approximation i s  made t o  obta in  a t r a c t a b l e  model. Because 
of t h e  exponential dependence of a upon 1/F, t h e  major cont r ibu t ions  t o  
a come from t h e  deple t ion  region near t h e  maximum f i e l d  point.  
be t h e  va lue  of a a t  t h e  maximum f i e l d  po in t ,  and consider t he  e f f e c t  
of stress upon a . 
stress is  applied ( i . e .  i f  t he  junction vol tage  is unchanged), t h e  
ion iza t ion  c o e f f i c i e n t  changes and hence t h e  cu r ren t  mu l t ip l i ca t ion  
f a c t o r  f o r  t h e  junc t ion  changes. 
10 
A 
L e t  a m 
If t h e  maximum j unc t ion  f i e l d  is unchanged when m 
On t h e  o ther  hand, i f  a m is t o  remain 
-12- 
constant  under stress, the maximum f i e l d  must change. The approximation 
which is  made here  is  t h a t  at a constant cur ren t  mu l t ip l i ca t ion  f ac to r  
f o r  t he  junc t ion ,  t he  maximum junction f i e l d  is changed such t h a t  a m 
remains constant .  
t he  corresponding development f o r  ho le  ion iza t ion  i s  similar. 
The following development is f o r  e lec t ron  ion iza t ion ;  
To obta in  the  change i n  maximum f i e l d  required t o  keep a m 
constant ,  let  
and 
F = F o + A F ,  (17) 
where E .  and Fo a r e  the  unstressed va lues  and E 
dependent ion iza t ion  energy. 
second order e f f e c t s ,  
(a) is t h e  stress 1 n m  
Then f o r  e l ec t ron  ion iza t ion  neglect ing 
By equating t h i s  t o  the  unstressed va lue  of a,(po), it i s  found t h a t  
1 c exp(-AEcnIE1 - AEm/q$Fo) -- . (19) 2 n m  1 = (1 + E) Fo exp(Ei5F/q$Fo) n c e ~ p  ( - A E ~ ~ / E ~ )  
This expression relates the  change in  t h e  maximum junct ion  electric 
f i e l d  t o  t h e  s t r e s s  induced changes i n  t h e  energy l eve l s .  
To obtain the  change i n  junct ion vol tage  at  a constant cur ren t  
mul t ip l ica t ion  f ac to r ,  t he  change i n  maximum junct ion f i e l d  must be 
I - *  
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r e l a t e d  t o  t h e  junc t ion  voltage.  The maximum f i e l d  is  propor t iona l  
t o  V1j2 f o r  a s t e p  junction.15 Thus f o r  small changes 
AV AF - “ 2  - 
vB Fo ’ 
where VB is the  unstressed breakdown vo l t age  a t  a constant cu r ren t  level. 
For most p-n junc t ions ,  t h e  s t e p  junc t ion  approximation is reasonably 
accu ra t e  a t  l a r g e  reverse b ia s .  
For small changes i n  the  breakdown vol tage  (AV/VB << l ) ,  Eq. (19) 
can be solved f o r  t h e  change i n  breakdown vol tage  t o  g ive  
For hole ion iza t ion  a similar development leads  t o  
In  t h e  low stress region (AE /qL F c< 1 and E /E1 C< 11, t h e  
equations f o r  both e l e c t r o n  and hole ion iza t ion  s impl i fy  t o  
nm R o  cn 
I n  t h i s  l i m i t ,  t h e  f a c t o r  (l/yB) C AEm is  t h e  simple average of t h e  
changes i n  t h e  ion iza t ion  threshold energies.  
To c a r r y  t h e  development fu r the r  and obta in  numerical r e s u l t s  
r equ i r e s  a model f o r  t h e  changes i n  t h e  ion iza t ion  threshold energ ies  
with stress. One assumption is t h a t  t h e  ion iza t ion  threshold energy 
-14- 
is equal t o  t h e  band gap. 
phonons. 
must have both enough energy t o  c rea t e  t h e  hole-electron p a i r  (E ) and 
a l s o  enough excess energy t o  conserve both momentum and energy between 
t h e  s i n g l e  inc iden t  p a r t i c l e  and t h e  t h r e e  f i n a l  p a r t i c l e s .  For a 
d i r e c t  band gap material t h e  minimum energy is  readfiy found tt 3e 
3E / 2 .  
g 
r ecen t ly  been shown 
momentum conservation l eads  t o  an expression of t he  form 
This i m p l i e s  t h a t  momentum i s  supplied by 
Neglecting phonon a s s i s t e d  processes t h e  ion iz ing  e l ec t ron  
g 
For an i n d i r e c t  band gap material such as G e  and S i ,  it has  
12 t h a t  a consideration of energy and c r y s t a l  
where kl and k2 are constants depending i n  r a t h e r  complex ways on t h e  
e f f e c t i v e  masses of t h e  th ree  p a r t i c l e s .  The e f f e c t i v e  masses enter- 
ing i n t o  k and k are not t h e  band edge e f f e c t i v e  masses, but are 
t h e  masses which give t h e  bes t  f i t  t o  t h e  energy bands over t h e  energy 
range from zero t o  t h e  ion iza t ion  energy. Based upon t h i s  model, t h e  
ion iza t ion  threshold energy between a conduction l e v e l  and a valedce 
l e v e l  i s  
1 2 
E = k l + k ( E  nm 2 cn - 
This is t h e  model used i n  t h i s  work t o  relate t h e  band s t r u c t u r e  t o  t h e  
ion iza t ion  energy. 
S t r e s s  can have two e f f e c t s  on E 
changes i n  the  energy l e v e l s  (Ecn - E 
shape (or  e f f e c t i v e  mass) of t h e  energy levels which r e s u l t s  in changes 
as defined above through nm 
) and through changes i n  t h e  vm 
i n  kl and k2. The e f f e c t  of stress on t h e  band edge energy levels is  
known but t h e  e f f e c t  of stress on t h e  e f f e c t i v e  mass of t h e  bands 
e spec ia l ly  a t  l a r g e  energ ies  has  not been as thoroughly inves t iga ted .  
Some work has been done on t h e  e f f e c t i v e  masses near t h e  band edges, 
but t h e  e f f e c t i v e  mass at l a r g e  energies probably changes less than 
nea r  t h e  band edges, e spec ia l ly  for t h e  hole  bands. Near t h e  band 
edges t h e r e  is  no f i r s t  order change i n  t h e  e f f e c t i v e  m a s s  with stress 
f o r  e lec t rons .  l6,l7 Also under compression stress i n  the  [ loo]  and 
[ l l l ]  d i r e c t i o n s  t h e r e  i s  no f i r s t  order change i n  t h e  e f f e c t i v e  m a s s  
of t h e  lower valence level. 
have been taken as independent of stress f o r  our f i r s t  order model and 
18  Based upon t h e  above f a c t s ,  k and k2 1 
t h e  changes i n  ion iza t ion  energy a r e  taken t o  be 
AE m = k2(AEcn - AEm). (26 )  
For equal ho le  and e l ec t ron  masses, k is 0.59 f o r  e l e c t r o n  ion iza t ion  
i n  G e  and 0.63 f o r  ho le  ionization i n  G e  and f o r  both e l ec t ron  and ho le  
ion iza t ion  i n  S i .  
2 
12 
Using the  above model f o r  ion iza t ion ,  t h e  change i n  breakdown 
vol tage  a t  low stress i s  given from Eq. 24 as 
=:- (1 +- qLRFo) -1 9 (27) 
2k2KP AV -
vB Ei Ei 
where K is  t h e  c o e f f i c i e n t  r e l a t i n g  t h e  change i n  band gap t o  hydros t a t i c  
pressure  and P i s  the  hydros ta t ic  component of stress. 
Typical va lues  of the  parameters i n  Eq. (27) are l i s t e d  i n  Table I. 
Using these  va lues ,  Eq. (27) reduces t o  
-16- 
TABLE I: Typical Values of K, Fo, 5 and Ei in Ge and Si 
a Si -1.5 
Ge 5.0e 
Sb 50-70d 1.3f sg 
0.82' 65 l.Of, 0.93g 
a. W. Paul and G. L. Pearson, Phys. Rev., 98, 1755 (1955). 
b. Ref. 9 
c. R. Yee, J. Murphy, A. D. Kurtz, and H. Bernstein, J. Appl. 
Phys. 30, 596 (1959). 
d.  Ref. 10 
e. P. W. Bridgman, Proc. Am. Acad. Arts Sci. 79, 129 (1951). 
f. Values calculated for electron ionization, Ref. 12. 
g. Values calculated for hole ionization, Ref. 12. 
si: - av = -1 .2 x 10-12P cm 2 /dyne, 
vB 
2 cm /dyne. AV -12 G e :  - = 6.0 x 10 
vB 
As can be seen from Eq. (27), a t  low stress levels, AV/V, is 
independent of stress o r i en ta t ion  s i n c e  only t h e  hydros t a t i c  component 
of stress remains i n  t h e  expressions. 
stress levels, AV/VB has an opposite s ign  f o r  G e  and S i .  
It is  s i g n i f i c a n t  t h a t  a t  low 
Returning t o  Eq. (22), i t  i s  seen t h a t  i n  t h e  high stress case, 
the  minimum conduction level and the maximum valence level w i l l  pre- 
dominate, i .e.,  t h e  AE with the l a r g e s t  nega t ive  value.  The 
corresponding AE is  negative.  I n  general  f o r  u n i a x i a l  compression 
stresses a t  least one of t h e  AE ' s  w i l l  be  nega t ive  f o r  both G e  and 
S i .  Therefore, f o r  high s t r e s s e s ,  AV/V decreases f o r  both materials, 
nm 
cn 
nm 
B 
and is  independent of t he  va lue  of E This is  t r u e  f o r  both e l ec t ron  
and hole  ion iza t ion .  
1' 
For a given value of t he  r a t i o  E /qL F t h e  change i n  breakdown 1 R 0' 
vo l t age  under stress can be ca lcu la ted  from Eqs. (21) and (22) f o r  
e l e c t r o n  and hole  ion iza t ion  respectively.  To account f o r  t h e  increased 
e f f e c t i v e  temperature of t h e  carriers i n  t h e  high f i e l d ,  t h e  value 
El = q h F o  has been used i n  most of t h e  ca l cu la t ions .  
deformation p o t e n t i a l s  w e r e  used i n  eva lua t ing  t h e  s h i f t s  i n  t h e  energy. 
The following 
levels (see Appendix A): 
-18- 
G e  s i  
= 3.15 
D f  = 6.06 
3 - 19.2 
DU 
U 
U 
Dd - (Ed + /3) = 4.82 
U 
D = 2.04 
D f  = 2.68 
E = 11 
U 
U 
U 
Dd - (Ed + Eu/3) = -1.44 
The ca lcu la ted  changes i n  breakdown vol tage  i n  G e  with stress f o r  
e l ec t ron  and hole ion iza t ion  a r e  shown i n  Figs. 1 and 2 f o r  un iax ia l  
stresses i n  t h e  [loo],  11111, and [110] d i rec t ions .  The curves are 
p lo t t ed  i n  terms of a normalized stress and a normalized vol tage  change 
given by t h e  expressions 
A V f  1 *i AV 
vB 2 'hFo 'B
= - (1 + -) - . -
The curves i l l u s t r a t e  t he  increase i n  breakdown vol tage  i n  G e  a t  low 
stresses, independent of t h e  s t r e s s  o r i e n t a t i o n ,  and t h e  decrease i n  
breakdown vol tage  a t  l a r g e  stress values.  It i s  a l s o  noted that f o r  
e l e c t r o n  ion iza t ion ,  t he  changes f o r  t h e  [loo] d i r e c t i o n  r equ i r e  
approximately an order of magnitude l a r g e r  stress than t h e  o the r  two 
d i r ec t ions .  
A comparison of the  t h e o r e t i c a l  changes (for e l e c t r o n  ion iza t ion)  
i n  breakdown vol tage  f o r  two values of E are shown i n  Fig. 3. The 
two values of El& kT and q$Fo. 
1 
a k  e 
It is  reca l l ed  t h a t  t h e  va lue  kT 
-20- 
t h e  sa tu ra t ion  current .  The reason t h i s  i s  necessary i s  t h a t  t h e  
sa tu ra t ion  current  i s  a l so  stress sens i t i ve .  
M i s  re l a t ed  approximately t o  the applied vol tage,  VA, by 
The mul t ip l i ca t ion  f a c t o r ,  
19 
1 M =  
1 - (vA/V,)n ' 
where n is a constant f o r  the  device. The diode cur ren t ,  I, is given by 
I = I S M  , (32) 
where Is is t h e  reverse  sa tura t ion  current .  
gives 
Combining Eqs. (30) and (31) 
I f  M >> 1, 
I 1 s  
n I  VA = VB(l - - -) 
Neglecting second order terms, t h e  r e l a t i v e  change i n  the  applied 
vol tage a t  constant current  is 
(34) 
The change i n  applied junction vol tage is  then less than t h e  
change i n  the  breakdown vol tage by t he  f ac to r  VBAIs/nI. 
only i f  n I  is  l a r g e  compared w i t h  A I s .  
evaluated from an experimental plot  of current  versus vol tage  as a 
funct ion of stress i f  A I  i s  known a s  a funct ion of stress. For a 
uniformly s t r e s sed  junc t ion  i n  which the  t o t a l  junc t ion  a rea  is s t r e s sed ,  
A I s / I s o  is  given by 
This is negl ig ib le  
Using Eq. (35), AV/VB can be 
S 
6 
-21- 
AE - AE 
vm) - 1 = ( f (0 )  - 1 )  , - = -  1 cn Yf3 E ex'( kT Is0 
where Iso is  t h e  unstressed sa tu ra t ion  cur ren t .  
following expression f o r  AVA/VB 
This g ives  t h e  
--% "A - _  AV ( f ( a )  - 1 )  
'B 'B mO 
Y 
where M is  the  mul t ip l i ca t ion  f ac to r  between the  unstressed s a t u r a t i o n  
cu r ren t  and t h e  cur ren t  a t  which V is  measured. 
0 
A 
I n  S i ,  i t  has  been found experimentally t h a t  un iax ia l  compression 
stress causes a l i n e a r  decrease i n  AV /V by t h e  f a c t o r  738 A B  
- *  AvA (-1 x 10-12cm2/dyne) u , 
vB 
where u is  the  magnitude of t h e  uniax ia l  stress. 
p ropor t iona l i t y  constant i s  -0.4 x 10-12cm2/dyne from Eq. (28) where 
u = P/3 .  
-1.5 x 1O-I2ev cm /dyne f o r  t h e  hydros ta t ic  pressure dependance of 
The t h e o r e t i c a l  
The t h e o r e t i c a l  va lue  was ca lcu la ted  using t h e  va lue  
2 
t h e  band gap. Although t h i s  value i s  normally used, t he re  is some 
v a r i a t i o n  i n  it depending on t h e  method of measurement and t h e  stress 
level. 2o I n  f a c t ,  i t  has been shown t h a t  t h e  c o e f f i c i e n t  is stress 
dependant and a t  high stress l eve l s ,  i t  is approximately 
-2.5 x 10-l2ev c m  /dyne.21 2 Using t h e  la t ter  va lue  gives a propor- 
-12 2 
t i o n a l i t y  constant i n  Eq. (28) of approximately -0.67 x 10 cm /dyne. 
As predic ted  by t h e  theory,  very l i t t le  i f  any v a r i a t i o n  i n  t h e  
phenomenon with c r y s t a l  o r i en ta t ion  i s  seen experimentally i n  S i .  
738 
-22- 
Preliminary measurements on breakdown vol tage  changes with hydros t a t i c  
pressure  have given r e s u l t s  which were an order of magnitude smaller 
than those f o r  un iax ia l  stress.8 The present theory p r e d i c t s  t h a t  
tho voleage chcmger inducod by Hyd+omratia pre#arrre ohodd  be fhree 
times those of un iax ia l  stresses. A t  t h e  present time, t h e r e  i s  no 
explanation f o r  these  r e s u l t s .  
Rindner has  made measurements of t he  breakdown vol tage  change 
as a function of un iax ia l  stress i n  G e   diode^.^ 
po in t s  i n  Fig. 4 are t h e  r e s u l t s  he obtained from a [110] and a [loo] 
u n i a x i a l  stress. 
t h e  theory f o r  ho le  ion iza t ion .  The hole ion iza t ion  curves w e r e  
used because t h e  secondary mul t ip l ica t ion  f a c t o r  f o r  ho le s  is l a r g e r  
i n  Ge.  The normalizing f a c t o r  E /qL F 
parameter i n  f i t t i n g  the  theory t o  experiment. The values needed t o  
f i t  t he  experimental da ta  are approximately 8.5 and 16 f o r  t h e  [110] 
and [ loo]  d i r ec t ions  respectively.  These va lues  are i n  good agreement 
with t h e  value of 12.6 calculated from t h e  da t a  i n  Table I. 
t o  f i t  t h e  theory t o  published experimental da t a  taken f o r  11111 or ien ted  
u n i a x i a l  stress7 have been less successful. '  
t h e  d a t a  can a l s o  be made t o  agree with t h e  theory f o r  e l e c t r o n  ioniza- 
t i o n  by a s u i t a b l e  choice of LRFo. For t h e  [loo] d i r e c t i o n ,  however, 
an unreasonably s m a l l  va lue  of L F is  requi red  t o  produce a good f i t  
t o  t h e  data.  It is  d i f f i c u l t  t o  draw too many conclusions from t hese  
comparisons without knowing t h e  r e p e a t a b i l i t y  of t h e  experimental 
r e s u l t s  and the  conditions under which t h e  d a t a  w a s  obtained. As 
The experimental 
The s o l i d  curves i n  t h e  f i g u r e  w e r e  ca l cu la t ed  using 
w a s  considered as an ad jus t ab le  
g R o  
Attempts 
It should be noted t h a t  
R o  
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shown in Fig. 4, the experimental results and theoretical curves 
deviate from each other for low stress levels. This could result 
from nonuniform breakdown in the junction due to microplasma and 
surface effects. 
Y. DISC’JSSION 
The theoret-=a1 model for stress induced c..anges in breakdown 
voltage is in generally good agreement with experiment. 
the simple model used for breakdown and the assumptions necessary to 
arrive at an analytical expression for the effect, it is surprising 
that the theory agrees as well as it does. 
predicts an orientation dependance in Ge but no such dependance in 
Si in agreement with the experimental observations, lends considerable 
support to the theory. 
In view of 
The fact that the theory 
Care must be exercised when comparing the theory to experiment 
since most practical devices do not exhibit uniform breakdown. 
it is difficult to determine what percentage of the multiplication 
Also, 
factor results from hole ionization as compared to electron ionization. 
These factors are necessary to make accurate comparison between theory 
and experiment. 
was based on the assumption that the ionization energy is that of holes. 
The comparison for Ge made in the preceeding section 
-24- 
APPENDIX A 
Both Ge and Si have multiple conduction minima in k-space. Ge has 
eight such minima which lie in the d i 1 >  direction and are located at 
the L point in k-space while silicon has six conduction minima which 1 
occur in the <loo> direction and are located approximately 85% of the 
distance from k = (000) to the X symmetry point. The maximum valence 
levels, I$, for both Ge and Si are located at k = (000). 
is degenerate in energy. If the crystal is mechanically deformed, the 
crystal symmetry and the lattice spacings are altered and hence the 
energy bands change. 
1 
The rls level 
Berring and Vogthave considered the effect of mechanical strain 
on the conduction minima in both Ge and Si.22 
work are summarized in Table 11. The valley directions are identified 
by the subscripts on the conduction energy level changes AEc's. The 
z ' s  are deformation potential constants and the e's are conventional 
strains. Table I11 lists some of the values of the deformation 
potential constants. 
values calculated by Kleinmaqet al. 
The results of their 
I 
The values appearing in brackets are theoretical 
23-25 
The effects of mechanical strain on the valence levels of Ge and 
Si are much more complicated than the effects on the conduction levels. 
Kleiner and Roth have considered the effects of strain on the Hamiltonian 
of the valence band edge.26 
Hamiltonian gives the following expression for the change in energy of 
the valence level 
Diagonalizing their expression for the 
27 
. 
* 
-25- 
- e e )  - ele2 - ele3 2 2 2  2 2 + e3 2 2 3 AE = Dde 5 [(y Du) (el + e 
The D's appearing in the above expression are the valence band deforma- 
tion potential constants. From Eq. (Al), it is seen that there is not 
only a shift of the level due to Dd, but also a splitting of the level 
due to D 
notation, let the upper band, positive sign of Eq. (Al), be AS1 and 
the lower band, negative sign, be A . 
and D:, which removes the degeneracy. For convenience of 
U 
Ev2 
I .  
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TABLE 11. Equations describing t h e  change i n  the band edge po in t s  i n  
the  conduction band of G e  and S i  as a func t ion  os strain. 
V a l  ley 
Direct ion 
Band Edge Energy 
[111], [iii] 
[iii], [ill] 
[iii], [iii] 
[ i o o i ,  [ iooi  
[oio] ,  [oio] 
[ooi] ,  [ooi]  
G e  
(Ed + Eu/3)e + E (e4 + e5 + e6) /6  
(Ed + tu/3)e + fu(e4  - e5 - e6) /6  
(Sd + E /3)e + E (-e4 + e5 - e6)/6 
(Ed + E /3)e + E (-e4 - e + e6)/6 
U 
U U 
U U 5 
si 
- tde + EUel 
E d e  + EUe2 
Ede  + Eue3 
-27- 
TASLE 111. Deformation Potential Coefficients (ev/unit dilation) for 
Ge and Si, (Kleinman's theoretical values are shown in 
brackets .) 
Coefficient Si Ge 
[-2.091 1-2.091 Dd . 
b 2.04a, [3.74] 3.15 , [3.74] Du 
D/ 2.68a, 14.231 6.06b, [3.6] 
-d 
U 
I 1-4.99 J [ -10.161 
- I 1lC, 8.3d, [+9.6] 19.Ze, E11.41 
U 
f - 5.7 
Dd - (Ed + -  1 Z ) 
U 
-1.44g, [-0.301 4.82g, f4.271 3 u  
- 
a. J. C. Hensel and G. Feher, Phys. Rev. 129, 1041 (1963). 
b. J. J. Hall, Phys. Rev.=, 68 (1962). 
c. D. K. Wilson and G. Feher, Phys. Rev. 124, 1968 (1961). 
d. J. E. Aubrey, W. Gubler, T. Henningsen and S. H. Koenig, 
Phys. Rev. 130, 1667 (1963). 
e. H. Fritzche, Phys. Rev. 
f. J. C. Hensel and H. Hasegawa, paper presented at the Inter- 
national Conference on the Physics of Semiconductors, Paris, July 1964, 
and private communications. 
g. W. Paul, J. Phys. Chem. Solids 8, 196 (1959). 
. 
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APPENDIX B: Effect  of S t r e s s  on Vo. 
The applied vol tage d i f f e r s  from t he  junc t ion  vol tage i n  reversed 
biased junc t ions  by the  bu i l t - i n  po ten t i a l ,  i.e. 
V . . V A + V 0 ,  
where V i s  t h e  junc t ion  vol tage,  V 
t h e  bu i l t - i n  voltage.  
vol tage,  but i t  a l s o  can change the bu i l t - i n  voltage.  
change i n  the  applied vol tage a t  breakdown is 
is the  appl ied vol tage,  and Vo is  A 
Mechanical stress not  only changes t h e  junc t ion  
The relative 
"A AV - = - - -  
'B 'B 'B a 
The bu i l t - i n  vol tage  f o r  a s t e p  junct ion is  
kT N ~ N ~  v =-b (2' , 
i n 
o q  
when N and N 
n s i d e  of the  junct ion respect ively and ni is the  i n t r i n s i c  carrier 
concentration (n = pn). 
are t h e  acceptor and donar concentrations on the  p and A D 
2 
i 
Wortman, Hauser, and Burger have t r e a t e d  the  e f f e c t  of stress on 
Using t h e i r  r e s u l t s  and forming t h e  pn product gives  p and n.6 
when p n 
f(o) is  given by 
is the  unstressed i n t r i n s i c  carrier concentration. The f a c t o r  
0 0  
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The change i n  Vo divided by VB becomes 
- = - -  kT pn f (o) .  
vB QVB 
A t  room temperature q$F /E is  approximately equal t o  kT for G e  so t h a t  
o f 3  
- % 4 , L , -  E- AV 
'B "B 'B 
Therefore, f o r  G e l  i f  V i s  la rger  than several v o l t s ,  AV /V can be 
neglected compared t o  AV/V 
B O B  
B' 
I n  S i ,  qL$ is approximately 1 0  kT so t h a t ,  except for hydros t a t i c  
0 
stresses, t h e  exponential  terms will cont r ibu te  t o  t h e  bu i l t - i n  poten- 
t i a l  a t  a lower stress l e v e l  than they do f o r  t he  junc t ion  voltage.  
Therefore, i f  V is not  la rge ,  the change i n  the  bu i l t - i n  p o t e n t i a l  can 
reduce the  change i n  the  applied voltage.  
order  of one v o l t ,  t he  bu i l t - i n  p o t e n t i a l  change can dominate the  appl ied 
vol tage  change. 
B 
In f a c t ,  i f  VB is on t h e  
-30- 
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the data points are experimental values reported by Rindner.7 
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